We observe field emission between nanogaps and voltage-driven gap extension of single-walled carbon nanotubes (SWNTs) on substrates during the electrical breakdown process. Experimental results show that the gap size is dependent on the applied voltage and humidity, which indicates high controllability of the gap size by appropriate adjustment of these parameters in accordance with the application. We propose a mechanism for the gap formation during electrical breakdown as follows. After small gaps are formed by Joule heating-induced oxidation, SWNTs on the anode side are electrochemically etched due to physically-adsorbed water from the air and the enhanced electric field at the SWNT tips. Field emission is measured in a vacuum as a possible mechanism for charge transfer at SWNT gaps. The relationship between the field enhancement factor and geometric features of SWNTs explains both the voltage dependence of the extended gap size and the field emission properties of the SWNT gaps. In addition, the similar field-induced etching can cause damage to adjacent SWNTs, which possibly deteriorates the selectivity for cutting metallic pathways in the presence of water vapor.
Introduction
Electrical breakdown 1 of single-walled carbon nanotubes (single-walled CNTs, SWNTs) has been performed to selectively cut metallic SWNTs (m-SWNTs) for field-effect transistor (FET) applications, [2] [3] [4] [5] or to create SWNT nanogaps for use as nanoscale electrodes [6] [7] [8] to contact single molecules 9, 10 and functional materials. 11 When a high bias voltage is applied across SWNTs, the SWNTs are physically cut at the hottest points due to self-heating-induced oxidation, 12, 13 and become electrically insulating due to formation of the gap. Electrical breakdown has been widely applied to both SWNTs on substrates and suspended over trenches 10, 14 because it is an extremely simple operation. However, even limited to individual SWNTs on substrates, the size of nanogaps (L gap ) obtained from electrical breakdown varies widely from ca. 2 nm 15 to more than 100 nm. 11 The reason for the wide variation of the gap size has not been fully explained, even though the mechanism of gap formation seems simple. Instead, gap formation of multi-walled CNTs (MWNTs) and SWNT bundles has been observed in more detail, despite the more complicated processes involved with the layer-by-layer oxidation of multiple shells. 1, 12, [16] [17] [18] For any application, the gap size has a significant effect on the device performance and should thus be carefully controlled. For example, nanogaps in the SWNT array channels of SWNT-FETs amplify and localize the electric field and could result in a correlated breakdown of neighboring SWNTs. 19, 20 The extent to which the field is amplified is highly dependent on the nanogap size; therefore, the gap size should be designed in accordance with the device requirements. On the other hand, phase change memory devices that employ SWNTs as electrodes 11 require smaller gaps to achieve higher energy efficiency.
There is a lack of detailed understanding on the formation mechanisms of SWNT gaps; however, the controllability of the nanogap size has been reported to a limited extent; a shorter distance between two metallic contacts (SWNT length or channel length; L ch ) or breakdown in the Ar gas flow results in smaller nanogaps, 11, 15 although there has been little explanation of the reason for the small gap formation. In this work, we report the voltage-driven gap extension phenomenon of SWNTs after electrical breakdown. It is generally considered that SWNTs cut by electrical breakdown are not conductive due to the physical gaps; therefore, no structural changes are expected for the broken SWNTs by external voltage application. However, we carefully observed the field emission current at SWNT gaps and the increased gap size of broken SWNTs by application of a DC voltage. The dependence of the gap size on the applied voltage and ambient humidity was investigated. Based on the experimental results, we have considered that electrochemical etching at the SWNT tips due to physisorbed water and enhanced electric field is the driving force behind the gap extension. When it comes to SWNT-FET applications, the voltage-driven SWNT etching may negatively affect the selectivity for breaking metallic pathways because semiconducting SWNTs (s-SWNTs) can be remotely damaged by adjacent nanogaps.
Results and discussion

Voltage-driven gap extension of SWNTs
Electrical breakdown of SWNT arrays (L ch = 5 μm) was performed in air with a ramping voltage from 0 to −25 V at ca. 100°C. A positive gate voltage (V G = +10 V) was applied to break only m-SWNTs. Fig. 1 shows scanning electron microscopy (SEM) images of a typical SWNT gap. After gap formation, ramp voltages from 0 to V max = 20, 40, 60, and 85 V were applied to the same SWNT array in air at room temperature, with a floating gate to avoid gate dielectric breakdown. Fig. 1a shows SEM images of an identical SWNT after voltage ramps, which clearly show that the gap was extended only in the anode direction (one-way gap extension). The initial and final gap sizes were 63 and 337 nm, respectively. Atomic force microscopy (AFM) was also used to observe the etched SWNTs. Fig. 1b-d show SEM images of SWNT gaps before and after gap extension up to V max = 40 V, and an AFM image of the extended gaps in the region outlined in the SEM image. The AFM image also shows that the SWNTs on the anode side were etched from the initial gap location denoted by arrows. Some residues thinner than the SWNTs remained on the substrate; the cross section profiles of two SWNTs are shown in Fig. 1e .
Similar experiments in air were performed for SWNT arrays with channel lengths of L ch = 6.2 and 8.3 μm, by changing the maximum voltage from V max = 40 to 100 V with 20 V steps. Typically ten SWNTs were first broken down for the following gap extension experiment under each condition, while most s-SWNTs were preserved by gate control. Each maximum voltage was applied to different SWNT arrays for the same length of time, although the size of gaps extended with a constant voltage applied for 1 s did not further change even after 1000 s in a control experiment. The size of the extended SWNT gaps with L ch = 6.2 and 8.3 μm is plotted as a function of V max in Fig. 2 . Error bars indicate the standard deviation of the extended gap size. Similar gap size and voltagedependence were obtained for SWNT arrays of both lengths. The etching of SWNTs on the anode side is self-terminated in a very short time, as is clear from the time-independence of the gap size. Therefore the etching length is simply determined by voltage, rather than by the product of the etching rate and etching time (see Fig. S2a in the ESI †). We will later discuss in detail how and why the gap size is dependent on the applied voltage. Note that exceptionally large gaps were excluded from Fig. 2 because some SWNTs can be etched due to the presence of closely-placed SWNTs, as discussed later with respect to Fig. 4 .
We propose a mechanism for the SWNT gap size obtained by electrical breakdown on substrates as follows. The gaps initially have a gap size of <10 nm immediately after breakdown, as such small gaps were obtained in a previous study, and these gaps are readily extended by continuous application of a voltage. Chain-reaction burning of SWNTs could be considered to result in large gap formation, as reported in our previous study on organic film-assisted burning of SWNTs. 4 However, the oxygen-induced chain reaction is not expected as long as the SWNTs are directly exposed to dry air and are in contact with the substrates. This is because the collision frequency of oxygen molecules with SWNTs in air (ca. 10 9 s −1 ) is relatively small compared to the thermal relaxation time of SWNTs on substrates (<100 ps).
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If chain-reaction burning dominates the gap formation process, then heating of the substrates during electrical breakdown should lead to larger gap formation. However, the experimental results given in Fig. S1 † indicate the opposite. Furthermore, the electrical breakdown of SWNTs on substrates did not indicate a clear dependence on the partial pressure of oxygen (Fig. S4 in the ESI †). The dependence of the gap size on the applied voltage can explain the previous finding that electrical breakdown of longer SWNTs resulted in larger gap formation.
11, 15 We simply approximate that the extended gap size is proportional to the maximum voltage for small gaps (L gap = k 1 V max , where k 1 is a constant). The breakdown voltage, the voltage required to heat up the SWNTs to oxidation temperature (typically ca. 600°C), is proportional to the SWNT length (V BD = k 2 L ch , where k 2 was determined as 4.48 V μm −1 in the previous studies) for long SWNTs (L ch > 1 μm). 22, 23 If the voltage is ramped until an SWNT is broken, then the extended gap size will also be proportional to the SWNT length (
Therefore, the use of shorter SWNTs (small L ch ) is preferable for smaller nanogap applications in energy-efficient and highly-integrated devices.
Effect of ambient water vapor on gap extension
The dependence of gap extension on the ambient gas conditions was examined. Fig. 2 (green inverted triangles) shows the size of gaps formed in SWNTs with L ch = 5.1 μm by electrical breakdown up to four different V max in dry oxygen gas flow. The gap size here also represents the extended gap size due to voltage application after cutting of the SWNTs, although gap formation and gap extension processes were not separated. The gaps formed in dry oxygen were smaller than those in ambient air ( Fig. 2) , which suggests that oxygen molecules are not critical for the SWNT gap extension phenomenon, and that some other gas(es) in air play a key role. With a focus on the water vapor in air, the gaps were further extended in wet oxygen with the same maximum voltages as those in dry oxygen. Fig. 2 (red triangles) shows that the extended gap size achieved in wet oxygen is much larger than that under other conditions with a lower relative humidity (RH) (wet oxygen ca. 100% RH, dry oxygen ca. 0% RH, and laboratory ambient air 30-60% RH). Gap extension experiments conducted in wet nitrogen (data not shown) revealed similar results to those in wet oxygen, which also excludes the importance of oxygen in the gap extension process. Higher humidity resulted in larger gap size, which indicates that water vapor plays a key role in the voltage-driven extension of SWNT gaps. Based on this knowledge, the smaller gap formation by breakdown in the Ar gas flow (L gap = 30-100 nm) than in air (L gap = 30-200 nm), as reported previously, 11 can be explained by the low humidity in the Ar gas flow, rather than by low oxygen partial pressure. Therefore, to further decrease the SWNT gap size, electrical breakdown should be performed in high-pressure dry oxygen. This is not only because dry gas prevents gap extension, but also because high-pressure oxygen lowers the breakdown voltage of SWNTs (see Fig. S4 in the ESI †).
Field emission at SWNT nanogaps
The SWNT gap extension process involves charge transfer and an etching reaction; therefore, the current-voltage (I-V) characteristics during gap extension in air were carefully observed (see Fig. S3 in ESI †). Although no conductive materials should be left at the gaps after breakdown of all SWNTs, a small and unstable current was still observed through the SWNT gaps. Recently, field emission (Fowler-Nordheim tunneling) at SWNT gaps on substrates with L gap = 23-125 nm were examined using an electrostatic force microscopy technique. 24 For gaps of m-SWNTs with any gap size or s-SWNTs with L gap > 60 nm, field emission was revealed to be the dominant charge transfer mechanism. Field emission during electrical breakdown has been briefly discussed in the literature; however, there has been no detailed investigation. 25 To elucidate the charge transfer mechanism at the SWNT gaps in the present work, the field emission properties at m-SWNT nanogaps were measured in a vacuum (ca. 0.02 Pa) to avoid damage to the anode SWNTs (gap extension). An experimental device was fabricated that contains a single SWNT, as shown in Fig. 3a and b. I-V characteristics were measured for SWNT gaps with L gap values of ca. 80 and 300 nm (L ch = 8.2 and 14.1 μm, respectively), by ramping the bias voltage from 0 V, while the gate voltage was kept equal to the cathode voltage. Fig. 3c shows I-V characteristics for these gaps, where steep current increases in the sub-nanoampere range were observed at 35 V (line (a) in Fig. 3c ) and 110 V (line (b) in Fig. 3c ). The Fowler-Nordheim (FN) plots for the measurement (Fig. 3d) yield almost straight lines (solid lines show the best-fits). When we assume the electrons were emitted into vacuum from SWNTs with a work function of 4.8 eV, 26 the field enhancement factors γ for the gaps shown in Fig. 3a and b are calculated from the slopes 27 to be 460 and 273, respectively. Note that γ = F/E, where F and E are a local field at the emitter surface and the macroscopic field (applied voltage V divided by the inter-electrode distance L ch ), respectively. Despite the large difference in sample configuration, the field enhancement factors roughly correspond to a previous report for free-standing SWNT field emitters (γ = 515).
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The field emission characteristics for three similar SWNT gaps were also compared. Following gap formation by electrical breakdown on heated substrates (ca. 100°C), the gaps were extended with V max = 20 V in air at room temperature. The size of all the extended gaps was around 70 nm. As shown in Fig. 3e , the I-V characteristics of these gaps in a vacuum show onset voltages around 25-35 V, which were slightly larger than the maximum voltage (V max = 20 V) for gap extension. These gaps were extended with V max = 20 V; therefore, the minimum current required for in-air gap extension (threshold current) can be estimated from the emission current at V = 20 V in a vacuum. The extrapolation of the FN plot for the gap drawn in blue yielded a threshold current of 0.1-1 fA at V = 20 V (inset of Fig. 3e , see also Fig. S7 in the ESI †), which was beyond the range of measurement due to noise in the present setup. It should be noted, however, that the field emission properties of SWNTs can be affected by the adsorption of oxygen and water molecules in air. 28, 29 Note that the linear current component obtained from the device without SWNTs (I/V = 14.9 [fA V −1 ]) was deducted in Fig. 3e to exclude leakages that did not originate from the SWNTs.
Although the field emission current was measured in a vacuum, the surface leakage current via water adsorbed on the substrates must be considered as another conduction mechanism in the presence of water vapor. Charge transfer between SWNTs and water electrolyte (electrochemical reaction) requires an electric field with a specific strength at the interface. Therefore, a higher voltage is required to maintain the constant field strength for larger SWNT gaps, which may appear as the observed relationship between the applied voltage and gap size (Fig. 2) . Even in that case, the field emission measurement in a vacuum is useful for quantification of the field enhancement at SWNT tips.
Threshold field for gap extension: voltage vs. gap size Now the validity of the field emission electron as a cause of SWNT etching is evaluated. We suppose that the emission current is kept constant (threshold current, I 0 ) during the gap extension process because the gap size changes according to the ramp voltage. The FN law gives the relation between the tion of the SWNTs. The local field F is obtained from the macroscopic field E and the field enhancement factor γ at the emitter surface. The FN law indicates that the local field F (= γE) is a constant value of F 0 during gap extension under this premise, although F 0 differs according to the ambient gas conditions. Even when we assume the water-related leakage current as the charge transfer mechanism, the local field F also dominates the electrochemical oxidation (gap extension). Previous studies have reported models to estimate the field enhancement factor γ from geometric features, such as the length of the CNT emitter h, the distance between the flat anode and CNT tips D, and the radius r, for free-standing CNT emitters. 27, 31, 32 When the inter-electrode distance is large compared to the CNT height, the field enhancement factor γ is simply estimated by the CNT height and the radius (γ 0 / 1 þ ffiffiffiffiffiffiffiffiffi ffi h=2r p . 32 For the case of smaller
} is often used as the modified relation, 27 where a and b are constants. The relation can be further rewritten to match the configuration of the present samples (see S5 in the ESI † for details):
where c and L ch are the constant and the channel length (original SWNT length) of the device, respectively. From the relation F = γV max /L ch , the maximum voltage V max that gives the constant local field F 0 at the SWNT tips for any gap size L gap is expressed as:
Eqn (3) was fitted to the experimental data in Fig. 2 with a and F 0 /c as fitting parameters. The diameter of all the SWNTs was assumed to be 1.5 nm. 33 When a = 0.11, the fitting lines corresponded well with the trend of the experimental data under all the conditions, as shown in Fig. 2 higher humidity conditions. Switching of the major charge transfer mechanisms from field emission to the surface leakage current is another possible explanation for the low threshold field in wet oxygen. This relationship was further applied to the calculation of the I-V characteristics for field emission using the FN law (eqn (1)). Now, for simplicity, an SWNT diameter d t of 1.5 nm and ϕ = 4.8 eV are supposed. The emission area A is estimated from the y-intercept of the FN plot to be 7.0 × 10 −12 m 2 . First, c = 0.66 was obtained by fitting with the field emission characteristics of the 80 nm gap shown in Fig. 3c (red line) . The I-V characteristics for the 300 nm gap were then predicted from the gap configuration using eqn (1) and (2) . As shown in Fig. 3c , the predicted I-V characteristics (blue dashed line) are in good accordance with the experimental results (see Fig. S6b in the ESI † for different a values). This indicates that the relationship between the geometric features and the field enhancement factor γ (eqn (2)) is useful to predict the field emission characteristics of SWNT gaps on substrates, and also that the gap extension is dominated by the geometricallyderived field enhancement at the SWNT tips. Note that the L ch values of 12.5 and 11.5 μm were substituted into eqn (2) for 80 and 300 nm gaps, respectively, because the length of the SWNTs on the cathode side rather than the distance between two metal (Pd) contacts influences the field enhancement (see Taking field-emission electrons and water molecules into account, we propose two mechanisms for SWNT etching as follows. Under ambient air, the SWNT surface is covered with a few layers of water molecules 35, 36 The first possible mechanism is the electrochemical etching of anode SWNTs, 37 where charge transfer occurs via field emission or a water-mediated surface current. Electrochemical oxidation first occurs on the SWNT surfaces, which forms covalently functionalized groups. The locally functionalized SWNTs are then removed through further oxidation. The total reaction can be expressed as C(SWNT) + 3OH − → CO 3 2− + 3H + + 4e − . In contrast to the electrochemical etching of SWNTs in bulk electrolytes, physisorbed water from the air is unlikely to form an electric double layer under the conditions of the present experiments, which typically strengthens the field at the SWNT-electrolyte interfaces. Instead, field enhancement at the SWNT tips due to the ultrahigh aspect ratio may play an important role in the oxidation process. SWNT etching may continue either until the gaps are extended to a sufficient extent for the emission current to be negligible or until the local field at the tips become weak enough not to cause the electrochemical reaction. A second possible explanation for the gap extension is as follows. Electrons emitted from the cathode tips are accelerated by an electric field while flowing between the SWNT gaps. Physisorbed water molecules on the SWNT tips are ionized by accelerated electrons and turn into highly reactive species, such as OH
• , H • , and HO
• 2 radicals. These species then etch neighboring carbon atoms of the SWNTs to form CO, CO 2 , and various hydrocarbons. A similar etching phenomenon was reported in studies on CNT cutting 6 and the machining of CNT forests, 38 where CNTs were cut with a low-energy focused electron beam (with SEM) in the presence of water vapor inside the chamber. Electrical breakdown on heated substrates resulted in smaller gap formation because the water molecules on the SWNT surfaces desorb at high temperature, even under the same water vapor pressure (see Fig. S1 in ESI †). This indicates the importance of adsorbed water molecules rather than water molecules in the gas phase, which supports both the mechanisms proposed here. Even when the emission current is sufficiently large, the gaps are not extended in the absence of water molecules on anode side SWNTs (e.g., in a vacuum).
Remote etching among adjacent SWNTs
We also identified the remote etching phenomenon of anode SWNTs parallel to cathode SWNTs with small inter-SWNT spacing, as shown in Fig. 4a . Here, the SWNTs that connect only with metal anodes or cathodes are referred to as A-SWNTs or C-SWNTs, respectively. Gaps were first formed at a red arrow position and then extended to an L gap of a few microns, whereas the other two gaps were only extended to an L gap of a few hundreds nanometers. This can be explained by field enhancement between the side walls of A-and C-SWNTs, 39 which induces the etching of adjacent A-SWNTs, as schematically shown in Fig. 4b . Red and blue colors in the schematic illustration indicate high and low electric potential, respectively. A-SWNTs (red) within a certain distance from C-SWNTs (inside the gray region) are etched away. Although this etching mechanism is intrinsically the same as gap extension, the extent to which the SWNTs are etched away is determined by the distance between the two gaps of A-and C-SWNTs. In addition, the occurrence of etching is dependent on the inter-SWNT spacing of two parallel SWNTs and the applied voltage. If uniformly dense SWNT arrays can be grown and also m-and s-SWNTs are intentionally cut near cathodes and anodes, respectively, then this parallel etching could be used to eliminate only m-SWNTs by utilizing selective field emission from the side walls of s-SWNTs (see Fig. S8 in the ESI † for details of the possible process).
This type of etching may deteriorate the removal selectivity during electrical breakdown by cutting or damaging the adjacent s-SWNTs. For example, the SWNT that did not bridge two metallic contacts due to electrical breakdown was cut again around the neighboring nanogap, as indicated by a blue arrow in Fig. 4c (also see Fig. S3 †) . This indicates that SWNTs can be broken down without Joule self-heating if nanogaps are present in the vicinity. The SWNT segment between the red and blue arrows had a low contrast to the substrate in the SEM image, which also indicates the physical isolation of the SWNT segment from other SWNTs and metal electrodes. 40 If ionization of water by accelerated electrons induces the cutting of unbridged SWNTs, then operation with voltages smaller than the ionization energy of water (ca. 12.7 eV) would be helpful to avoid deterioration of the removal selectivity. The electrical breakdown of SWNT arrays (ca. 20 SWNTs μm −1 ,
, where a bias voltage of up to 20 V was applied, resulted in the correlated breakdown of neighboring SWNTs, 19 though this was previously explained in a different way. 20 In contrast, the electrical breakdown of a higher density but shorter SWNT arrays (>100 SWNTs μm −1 , L ch = 400 nm), where the breakdown voltage is always <8 V, successfully cut only m-SWNTs (current retention >20%). 41 Note that a relatively thick gate dielectric (Al 2 O x , 25 nm equivalent oxide thickness) compared to the inter-SWNT spacing (<10 nm) was used, and a high electric field (>10 V μm −1 ) was applied. 41 The results of adjacent SWNT etching will thus provide a guide to the design of appropriate device structures and the experimental conditions required for successful SWNT purification.
Conclusions
We have reported on the field emission and voltage-driven gap extension phenomena for SWNTs on substrates. The gap extension clearly showed one-directionality and dependence on the applied voltage and humidity. Therefore, the SWNT gap size can be controlled by changing the water vapor pressure, substrate temperature, and voltage. Size controllability will broaden the application of nanogaps, especially as nanoscale electrodes. The I-V characteristics of single gap devices under vacuum indicated FN tunneling features, which corresponds well with the characteristics predicted from the FN law and the field enhancement model that was calibrated using the gap extension results. Electrochemical oxidation and charge transfer via field emission are thus possible driving forces of SWNT gap extension. In addition, unintentional damage to the neighboring SWNTs induced by field enhancement between adjacent SWNTs should be minimalized when electrical breakdown is employed to selectively cut m-SWNTs for semiconductor applications.
Experimental
SWNT growth and device fabrication
Metal electrodes (Ti/Pd or Ti/Au; 5/20 nm) were photolithographically patterned using sputtering on a highly p-doped Si substrate with a 100 nm thick thermal oxide layer. Horizontally aligned SWNTs were grown by the alcohol catalytic chemical vapor deposition method 33, 42 on r-cut crystal quartz substrates, and then transferred onto the Si/SiO 2 substrates with patterned electrodes via poly(methyl methacrylate) (PMMA) thin films. 43 Unwanted SWNTs outside channel regions were etched by oxygen plasma to isolate the devices. Each device has 20 μm wide electrodes with 5-15 μm spacing and typically contains 30 SWNTs (density of 1.5 SWNTs μm −1 ), which is suitable to avoid interaction and bundling among adjacent SWNTs.
SWNT nanogap preparation
SWNT nanogaps were prepared using the electrical breakdown technique. Electrical breakdown was first performed on a hotplate (ca. 100°C) because the breakdown of SWNTs on heated substrates was found to result in smaller gap formation than that at room temperature, as shown in Fig. S1 of the ESI. † The gap location was checked by scanning electron microscopy (SEM; 1 kV, S-4800, Hitachi Co., Ltd) or atomic force microscopy (AFM; SPI3800N, SII).
Nanogap extension
A ramp voltage was applied from 0 to negative maximum voltage (−V max ) to the nanogaps for a typical period of 100 s at room temperature, and the extent of gap extension was observed. The gap extension experiments were conducted under various gas conditions, such as in air, and in dry or wet oxygen gas flow. Dry oxygen was obtained directly from an oxygen gas cylinder and was flowed onto the substrates. Wet oxygen was obtained using the water bubbler technique (see the setup used in Fig. S2b of the ESI †) at room temperature to provide saturated water vapor (ca. 3 kPa). A voltage was also applied to SWNT gaps under vacuum (ca. 0.02 Pa) to avoid gap extension and observe the I-V characteristics at gaps of a certain size.
